The action of procaine on pharmaco-mechanical coupling activated by application of acetylcholine (ACh) was investigated using collagenase-treated dispersed intact and skinned smooth muscle cells and intact muscle tissues of the porcine coronary artery. ACh reduced stored 45 Ca 2+ , and this action was prevented by procaine in intact dispersed cells. The maximum reduction in the level of stored 45 Ca induced by caffeine (25 mM) or inositol 1,4,5-trisphosphate (InsP,; 3 / JLM) was also prevented by procaine in the skinned muscle cells in the presence or absence of ATP. However, inhibitions of the latter required higher concentrations of procaine than the former. Release by 10 fiM ACh of Ca 2+ from its store site in the presence or absence of extracellular Ca 2+ was also inhibited by procaine and was detected using the quin2 fluorescence method. In these smooth muscle tissues, ACh (above 10 nM) reduced the amount of phosphatidylinositol 4,5-bisphosphate (PI-P 2 ) and dose dependently increased the amount of phosphatidic acid. Procaine inhibited the hydrolysis of PI-P 2 activated by ACh, thus reducing the amount of InsP 3 and the release of Ca 2+ from the store site. It is concluded that procaine has multiple actions on the porcine coronary artery, and one of the actions related with pharmacomechanical coupling appears through inhibition of hydrolysis of PI-P 2 induced by ACh. (Circulation  Research 1987;60:356-366) 
I n the porcine coronary artery, Ito et al 12 found that 10 (JLM acetylcholine (ACh) neither modifies the membrane potential nor the membrane resistance of the smooth muscle cells, but produces a larger contraction than that evoked by 128 mM K + . Furthermore, in Ca 2+ -free solution containing 2 mM EGTA [ethylene glycol bis (/3-aminoethyl ether)-N,N,N',N'tetraacetic acid], ACh produces contraction in this vascular tissue, with an amplitude similar to that observed in Ca 2+ -containing solution (0.86 times the control). This indicates that in smooth muscles of the porcine coronary artery, ACh releases Ca 2+ from the intracellular store site (usually sarcoplasmic reticulum), 2 " 4 as does caffeine. 2 While the source of Ca 2+ in the store site is presumably the same, the mechanisms underlying the release of Ca 2+ by each agent seem to differ because in skinned muscle tissues of the porcine coronary artery caffeine, but not ACh, releases Ca 2+ from the store site. 2 Suematsu et al 5 studied the effects of inositol 1,4,5trisphosphate (InsP 3 ) on the release of Ca 2+ from intracellular store sites in saponin-treated dispersed smooth muscle cells of the porcine coronary artery. They found that this agent releases Ca 2+ from nonmitochondrial store sites and that the mechanism differs from that induced by a calcium-ionophore, A23187. ACh increases the production of InsP 3 and diacylglyerol in various tissues. 6 "" In the porcine coronary and rabbit mesenteric arteries, ACh and norepinephrine, respectively, increased the amounts of InsP 3 and phosphatidic acid (PA) and reduced the amount of phosphatidylinositol 4,5-bisphosphate (PI-P 2 ). InsP 3 released Ca 2+ accumulated in saponin-treated dispersed single cells and also produced contraction in saponin-treated skinned vascular smooth muscle strips. 51213 Therefore, InsP 3 synthesized by activation of the muscarinic receptor or a,-adenoceptor may provoke pharmacomechanical coupling. 14 Procaine, a local anesthetic, possessed multiple actions on smooth muscle of the porcine coronary artery, i.e., this agent depolarized and reduced ionic conductance mainly by inhibition of the K + conductance of the smooth muscle membrane. Furthermore, in this smooth muscle tissue, outward current pulse evoked an action potential only in the presence of procaine or tetraethylammonium. 1 Procaine also inhibited the caffeine-induced release of Ca 2+ from the store site. This release by caffeine involves mechanisms similar to the release mechanism in cardiac muscles. 315 " 17 Furthermore, Itoh et al 2 also reported that in Ca 2+free solution containing 2 mM EGTA, 1 mM procaine blocks contraction in the porcine coronary artery evoked by 10 FXM ACh, but 5 mM procaine is necessary to block contraction evoked by 20 mM caffeine, i.e., procaine inhibits to a greater extent the AChinduced contraction than the caffeine-induced contraction.
The present study attempted to clarify the action of procaine on mechanisms involved in the pharmacomechanical coupling provoked by ACh in smooth muscle cells of the porcine coronary artery. For this purpose, intact and skinned dispersed smooth muscle cells were prepared by application of collagenase for measurements of effluxes and releases of Ca 2+ . Since the mutual relation between synthesis of InsP 3 and hydrolysis of PI-P 2 has been clarified, 13 the amount of InsP 3 hydrolyzed by activation of phosphodiesterase (phospholipase C) through activation of the muscarinic receptor was estimated from the reduction in the amount of PI-P 2 and the increase in the amount of PA in intact smooth muscle tissues.
Materials and Methods

Preparation of Single Smooth Muscle Cells
Suspensions of isolated smooth muscle cells were prepared by enzymic digestion of the porcine coronary artery as previously described. 418 Large branches of the right and left coronary arteries of the adult pig (approximately 2-3 mm diameter) were dissected free of connective tissue. The adventitia was carefully stripped off under a binocular microscope, and the endothelium was rubbed with a cotton ball. The muscle layers were cut longitudinally and fixed at a slightly extended length on a plastic plate in Ca 2+ -free HEPES (N -2 -hydroxyethylpiperazine -N' -2 -ethanesulfonic acid) solution (EGTA was not present). After equilibration for 1 hour at 36° C, this solution was replaced by Ca 2+ -free HEPES solution containing collagenase 1 mg/ml (Worthington Biochem. Co., Freehold, N.J., CLS type III), trypsin inhibitor 0.5 mg/ml (Sigma Chemical Co., St. Louis, Mo., type I-S), and bovine serum albumin 2 mg/ml (Sigma, fraction V). Following digestion for 1 hour at 36° C, loosened muscle strips were chopped into small pieces with a razor blade and digested in a polyethylene tube with the same solution, under gentle agitation through a widebore polyethylene pipette, for 1 hour at 36° C. The suspension was filtered through double nylon gauze to separate single muscle cells from undigested residue. Isolated muscle cells were collected by centrifugation at 30g for 5 minutes and then washed twice with 20 volumes of Ca 2+ -free HEPES solution at about 20° C. The prepared cells were spindle shaped (about 200-300 /xm in length and 5-10 /xm in width) and relaxed, even in the Ca 2+ -containing solution. About 90-95% of dispersed cells contracted in response to 10 /JLM ACh in the Ca 2+ -containing solution ( Figure 1 ). It could not be excluded that the cell suspension was contaminated with nonmuscle cells such as fibroblasts. However, almost all of the cells were similar in morphology under phase-contrast light microscopy, and blood cells and macrophages were not evident. Over 95% of cells had the ability to exclude trypan blue. 19 Furthermore, after completion of experimental procedures described in "Results," more than 90% of the cells still retained resistance to trypan blue inclusion. When the cells were stored at 5° C, the viability assessed by trypan blue exclusion was retained for 48 100/jm iOOjum hours. However, the cells were used within 4 hours of isolation. 4
Ca 2+ Efflux Experiments With Intact Dispersed Muscle Cells
The amount of Ca 2+ in the dispersed intact smooth muscle cells was measured by the filtration method, using 45 Ca 2+ as described by Ueno. 4 The results were expressed as nanomoles of Ca 2+ /2 x 10 5 cells. The content of 43 Ca 2+ described in "Results" refers to the exchangeable Ca 2+ as estimated from the amount of 45 Ca 2+ . The efflux of Ca 2+ was estimated from the 45 Ca 2+ remaining in dispersed smooth muscle cells.
The dispersed smooth muscle cells were first incubated in physiological salt solution containing 45 Ca 2+ (2.5-2.7 /xCi/ml) for 60 minutes at 35° C. Samples were then transferred to the ice-cold Ca 2+ -chelating solution (without ATP; see "Solutions"). The 45 Ca 2+ efflux was measured after application of a small volume of concentrated EGTA (final concentration 4 mM) to the incubation solution at time zero. After the desired time, a sample of the cell suspension was treated with caffeine, ACh, or procaine and then filtered, washed, and counted. Briefly, this suspension was passed through a glass microfiber membrane filter (Whatman GF/C, pore size 1.2 fim), and the filter was immediately washed 4 times with 2-3 ml of the cold Ca 2+ -free solution to remove nonspecific 45 Ca 2+ binding to the membrane filter. The washed filter was then placed in a counting vial (Wheaton Scientific, Millville, N.J.) and dried at 80° C for 1 hour. A scintillation cocktail consisting of 4 g 2,5-diphenyloxazole and 0.3 g 1,4-bis [2-(4-methyl-5-phenyloxazolyl)] benzene in 1 liter toluene was added to the vial, and the sample was counted for radioactivity in a Packard Tri-Carb liquid scintillation counter (Packard Instrument Co., Downers Grove, 111.). During these procedures, damage to the dispersed cells was minimized, and the filtered medium contained almost no fragments of damaged cells.
Preparation of Saponin-Treated Muscle Cells
To study the effects of caffeine, procaine, or InsP 3 on intracellular Ca 2+ store sites, skinned dispersed single muscle cells were prepared by treatment with saponin,5.20,21 This treatment leaves intact the membranes of cytosolic organdies and contractile systems as estimated from the caffeine-induced contraction in skinned muscle preparations. 31522 " 24 Saponin-treated microsomes are capable of accumulating Ca 2+ into the intracellular storage with no marked change in ATPase activity 42326 (see "Results"). Dispersed smooth muscle cells were suspended in 30 ml of a relaxing solution (see "Solutions") used for skinned muscle cells containing saponin 15 /ng/ml and 1 mM-EGTA. After skinning for 10 minutes at 35° C, the cells were centrifuged, then washed twice with 20 volumes of fresh solution and suspended in fresh solution at 5° C. The concentration of saponin and the skinning time were determined in preliminary experiments as the minimum required for skinning all cells. 4
4S Ca 2+ Accumulation and 45 Co 2 + Release Experiments With Skinned Dispersed Muscle Cells
The 45 Ca 2+ release from the store site in dispersed skinned muscle cells was assayed by the dilution method described by Hirata et al 27 and Ueno. 4 The 45 Ca 2+ was accumulated in the store site of skinned dispersed muscle cells suspended in 0.5 ml of the relaxing solution (see "Solutions") at 37° C. After 20 minutes, 0.1 ml of the suspension was passed through a glass fiber filter. The filter was then treated with the Ca 2+ -chelating solution as described for the Ca 2+ efflux experiment, and the amount of 45 Ca 2+ uptake was determined. At the same time, the remaining cell suspension (0.4 ml) was diluted tenfold with a solution containing KC1 130 mM, Tris-maleate 20 mM (pH 6.8), NaN 3 5 mM, MgCl 2 5 mM, and EGTA 4 mM. At the desired time, 1 ml of the mixture containing caffeine or InsP 3 in the Ca 2+ -chelating solution was filtered, and the remaining 45 Ca 2+ was determined. To prevent the action of ATP remaining in the solution that was required for Ca 2+ uptake, 10 mM glucose and 4.5 units of hexokinase (Sigma, type II) were added 1 minute before dilution ( Figure 8 ).
To measure the accumulation and release of 4S Ca 2+ from the store site simultaneously in skinned dispersed cells, the filtration method was used in the presence of ATP (relaxing solution; see "Solutions"). After accumulation of 45 Ca 2+ reached a steady level, InsP 3 or A23187 alone or together with procaine was applied ( Figure 3 ).
Preparation oflnositol Trisphosphate (InsP 3 )
InsP 3 was prepared by incubating human erythrocyte ghosts with CaCl 2 followed by a Dowex formate column separation and was desalted by elution from a Dowex chloride column with 1 M LiCl, followed by removal of the LiCl with ethanol. 28 For estimation of the purity of InsP 3 , cellulose thin layer chromatography was used. The Rf value was estimated at 0.20, which corresponded with the value obtained by Grado and Ballou. 29 
Analysis of lnositol Phospholipids and Phosphatidic Acid in Smooth Muscle Tissue
The contents of inositol phospholipids (PI-P 2 and phosphatidylinositol 4-monophosphate [PI-P]) and PA in the coronary artery were measured before and after treatment with ACh, according to the procedures described by Hashimoto et al. 13 For this purpose, muscle strips (2-3 mm x 10 mm) were labelled in a phosphate-free, HEPES-buffered Krebs solution (pH 7.4) containing 40 ^iCi/ml of [ 32 P] Pi (specific radioactivity, 30-40 Ci/mol; Japan Atomic Energy Research Institute) at 37° C for 3 hours. This time was adequate for isotopic equilibrium in terms of the inositol phospholipids because a longer incubation did not yield higher radioactivity. The strips were then washed three times with the above solution without [ 32 P] Pi and were incubated with ACh for 10-120 seconds. The reaction was halted by adding an organic solvent containing chloroform, methanol, and HC1 (100:200:2, v/v), and the strips were homogenized in a glass homogenizer. Crude lipid extracts in the solvent were chromatographed on Silica Gel 60 plates (Merck Sharp & Dohme, West Point, Penn.), according to the method of Billah and Lapetina, 30 and were then autoradiographed with Sakura X-ray film for 12-15 hours. The fractions corresponding to PI-P, PI-P 2 , and PA on the plate were cut out and counted for radioactivity in a liquid scintillation counter.
Quin2 Loading and Fluorescence Measurements
The dispersed smooth muscle cells were loaded with quin2 in the presence of 15-100 /iM quin2/AM (tetraacetoxymethyl ester) for 120 minutes at 37° C, as previously described. 31 " 33 Hydrolysis of quin2/AM was monitored by the gradual shift in the emission spectrum from a peak at 430 nm for the ester to a peak at 490 nm for the final indicator. The spectral shift was nearly complete in 120 minutes. The loaded cells were then washed twice, resuspended in fresh Ca 2+ -containing HEPES buffer solution, and kept at room temperature. Intracellular quin2 concentration was determined by comparing the Ca 2+ -dependent fluorescence of quin2 loaded cells with the quin2 unloaded cells in the presence of quin2-free acid in a standard solution. Quin2 concentration and the intensity of fluorescence showed a linear relation. 33 Assuming that the cell volume was 3,000 firri 3 , 34 quin2 concentrations obtained by incubating cells with 15-100 /xM quin2/AM for 120 minutes were 0.7-3 mM. After quin2 loading, the viability of the muscle cells, assessed by the trypan blue exclusion test and the contractility in response to agonists, was well preserved. 33 Before measurement, the cell suspension was equilibrated in HEPES buffer solution containing 1 mM Ca 2+ for 30 minutes and then incubated at 37° C for 10 minutes.
Fluorescence of quin2 loaded and unloaded cells was measured at 37° C in a Hitachi 650-40 fluorescence, spectrophotometer with a thermostated cell holder at a wave length for excitation of 339 nm (slit 4 nm) and for emission of 490 nm (slit 10 nm). The cells were suspended in 2 ml HEPES buffer solution (NaCl 140 mM, KC1 4 mM, CaCl 2 1 mM, MgCl 2 1 mM, K 2 HPO 4 1 mM, glucose 10 mM, HEPES 20 mM) at a concentration of 10 6 cells/ml in a 1-cm square quartz cuvette and continuously stirred.
Following completion of the fluorescence measurement, the cells were dialyzed with 0.2% Triton X saturated with dye at 1.0 mM to give the maximum fluorescence of the sample (F mu ). F min was the fluorescence obtained after addition of 0.5 mM MnCl 2 to displace the bound Ca 2+ and to quench the quin2 emission. 35 Mn 2+ also quenches the Ca 2+ -independent fluorescence. However, this value was under 5% of the Ca 2+ -dependent fluorescence. Therefore, this factor was omitted from the calculation.
The concentration of intracellular free Ca 2+ ([Ca 2+ ]i) was calculated from the equation [Ca 2+ ]j = Kd (F -F rain )/(F mM -F), 31 where K,,, the effective dissociation constant for Ca 2+ -quin2 is 115 nM, assuming that intracellular free Mg 2+ is about 1 mM. 36 The increase rate of fluorescence was expressed as the percent of total fluorescence (F max -F^). Extracellular dye or dye in leaky cells was estimated by adding MnCl 2 (0.5 mM) to an aliquot of suspension of the intact, quin2 loaded cells. The immediate decrease in fluorescence caused by extracellular dye was 10-15%. There was little variability in the amount of leakage between different aliquots of cell suspensions. The calculation of [Ca 2+ ]j was corrected by subtracting the fluorescence caused by extracellular dye. Addition of ACh, EGTA, A23187, or procaine did not affect the autofluorescence of the unloaded cells. Triton X quenched the autofluorescence, but this was negligible. Conformation changes of cells during contraction by ACh had no effect on the quin2-induced fluorescence, as estimated from measurements of the control aliquot.
Solutions
All solutions were prepared with deionized doubleglass-distilled water.
The Ca 2+ -free HEPES solution (for preparation of single cells) contained (in mM) 140 NaCl, 5 KC1, 2 MgCl 2 , 15 glucose, and 20 HEPES (pH 7.3). The physiological salt solution for 45 
Drugs
Chemicals used in the present experiments were acetylcholine chloride (ACh-Cl; Sigma Chemical Co., St. Louis, Mo.), saponin (ICN Pharmaceuticals, Inc., Cleveland, Ohio), caffeine and sodium azide (Wako Pharmaceutical Co., Kyoto, Japan), procaine (Daiichi Pharmaceutical Co., Tokyo), A 23187 (free acid; Calbiochemical, La Jolla, Calif.) and EGTA (Dojindo Laboratory, Kumamoto, Japan). 45 CaCl 2 was obtained from New England Nuclear Co., Boston, Mass. Quin2/AM and quin2 were obtained from Dojindo Laboratory, Kumamoto, Japan.
Statistics
The mean and standard deviation (SD) are given. Statistical evaluations were made by Student's t test for paired and unpaired observations.
Results
Effects of ACh and Caffeine on Ca 2+ Loss From Dispersed Single Cells
For measurements of the 45 Ca 2+ remaining in the store site of dispersed smooth muscle cells, 4 mM EGTA were added to the solution to prevent subsequent influx of Ca 2+ into muscle cells and to block the influence of Ca 2+ -Ca 2+ exchange, as described by Ueno. 4 The 45 Ca 2+ was equilibrated into the dispersed smooth muscle cell in the solution at 35° C for 60 minutes, and then the loss of 45 Ca 2+ from the cells in the presence of caffeine or ACh was measured ( Figure  2 ). When 3 /AM ACh was applied, the loss of 45 Ca 2+ from smooth muscle cells at 35° C in Ca 2+ -free solution was accelerated. When 1 mM procaine was applied to observe its effect on the spontaneous loss of 45 Ca 2+ from the store site, there was no detectable change in the loss of 45 Ca 2+ compared with that observed in the absence of ACh. With application of 3 fiM ACh with 1 mM procaine, ACh did not accelerate the loss of 45 Ca 2+ from store sites. When 20 mM caffeine was applied 15 minutes following application of ACh alone or with procaine, loss of 45 Ca 2+ from the store site was consistently accelerated (Figure 2 ).
Effects of Caffeine or InsP 3 on the Loss of 4 SCa 2+ From Dispersed Skinned Muscle Cells
When saponin-treated dispersed smooth muscle cells were incubated in a solution containing 0.11 /xM 45 Mg-ATP for 20 minutes, 0.19 ±0.02 nmol 45 Ca 2+ / 2 x 10 5 cells (it = 15) was accumulated into the azideresistant Ca 2+ store site (usually nonmitochondrial) in skinned muscle cells. Following depletion of the remaining ATP by addition of hexokinase and glucose in the Ca 2+ -chelating solution, the loss of 45 Ca 2+ from intracellular store site was measured using the dilution method (see "Materials and Methods"). Figure 3 shows the effects of caffeine with or without procaine (Panel A) and InsP 3 with or without procaine (Panel B) on the reduction in 45 Ca 2+ from intracellular store sites at 35° C. The 45 Ca 2+ content just before the dilution with Ca 2+ -free solution was normalized as 1.0. Application of caffeine reduced the content of 45 Ca 2+ in a concentration dependent manner (5-25 mM). 4 Less than 10 mM procaine alone did not modify the spontaneous loss of 45 Ca 2+ , whereas procaine in concentrations over 1 mM inhibited and, at 10 mM, blocked the 25 mM caffeine-induced reduction of 45 Ca 2+ (Panel A). Application of InsP 3 (3 PM) also reduced 45 Ca 2+ in the store site, and 3 juM InsP 3 showed much the same response as that observed by application of 25 mM caffeine. When 3 /u,M InsP 3 was applied with 1 mM procaine, acceleration of the loss of 45 Ca 2+ by InsP 3 was not modified, and 10 mM procaine partly, but not completely, inhibited the loss of 45 Ca 2+ during the early exposure period (5-10 minutes) in the Ca 2+ -free solution (Panel B).
Effects of ACh on the Quin2 Fluorescence in Relation to the Ca 2+ Mobilization
Release of the Ca 2+ from the store site in dispersed muscle cells during application of ACh was observed in the presence or absence of Ca 2+ . As shown in Figure  4 , the resting level of free Ca 2+ concentration was estimated at 108 ± 12 nM (n = 5), calculated from the intensity of fluorescence of the Ca-quin2 binding in the standard EGTA-buffered Ca 2+ -containing solution (see "Materials and Methods"). When 10 /u,M ACh was applied to the quin2-loaded dispersed muscle cells, the mean value of the concentration of Ca 2+ trapped by quin2 increased transiently (from 108 ± 13 to 168 ± 18 nM, n = 4) and gradually declined to just above the control level within 4 minutes (Trace A). In the Ca 2+ -free solution (in the presence of 4 mM EGTA), the resting Ca 2+ concentration gradually declined to a new steady level within a few minutes (86 nM). With application of 10 fxM ACh, the free Ca 2+ concentration increased transiently to 112 nM, as estimated from the intensity of the pellet's fluorescence (Trace B). In Trace C, 0.5 /i-M A23187 was applied in the presence of ACh. When cells were pretreated with procaine (5 mM), this agent alone had no effect on the quin2 fluorescence, but it blocked the subsequent effect of ACh. With application of 0.5 /JM A23187 in the presence of both procaine and ACh, the quin2 fluorescence was intense (Trace D). These results indicate that increases in free Ca 2+ in cells produced by ACh are blocked by procaine, and the action of A23187 differs from that of procaine in inhibiting Ca 2+ release, namely by increasing the influx and release of Ca 2+ . 37 Furthermore, ACh produced only a transient increase in the intensity of fluorescence observed on smooth muscle tissues of the ferret portal vein, using aequorin. 38 
Effects of ACh on Phosphatidylinositol 4,5-Bisphosphate Breakdown in Smooth Muscle Tissues
Assuming that the first step of ACh-induced Ca 2+ release from the store site is the breakdown of PI-P 2 by activation of phosphodiesterase as described by Berridge and Irvine, 10 we measured the amounts of PI-P 2 and PA. Figure 5 shows the effects of ACh on hydrolysis of PI-P 2 in the lipid fraction extracted from the smooth muscle tissue. The amount of PI-P 2 before application of ACh was normalized as 100% (the absolute value was 38,360 ± 5,826 cpm/mg protein, n = 8). Application of 10 jitM ACh rapidly reduced the amount of PI-P 2 within 10 seconds (76.5 ± 3.1%, n = 5), and the amount gradually reverted to the control level in the continued presence of ACh (after 120 seconds, the content of PI-P 2 was recovered to 92 ±3.2% of the control, n = 5). This decrease in the amount of PI-P 2 induced by ACh was observed to the same extent in Ca 2+ -free solution containing EGTA. To determine whether or not the hydrolysis of PI-P 2 by ACh is due to phosphodiesteric cleavage, the amount of PA was measured after application of 10 fiM ACh. The amount of PA before application of ACh was normalized as 100% (the absolute value was 13,280 ± 1,923 cpm/mg protein, n = 7); 10 fiM ACh increased it to 252 ± 14% (n = 5) after 120 seconds. The increase in the amount of PA was delayed over the reduction in the amount of PI-P 2 . However, the amount of PI-P remained the same as that observed before application of ACh up to 120 seconds. Thus, reduction in the amount of PI-P 2 may be due to phosphodiesteric hydrolysis for the synthesis of InsP 3 activated by ACh. Figure 6 shows the dose-response relation between ACh and PI-P 2 hydrolysis in smooth muscle tissues of the porcine coronary artery. The minimum concentration of ACh required for PI-P 2 hydrolysis was 10 nM, and the maximum effects were observed at 10 /xM, such being comparable to the minimum and maximum amplitudes of the ACh-induced contraction in this tissue. 2 The effects of procaine on the PI-P 2 breakdown activated by ACh were observed. As shown in Figure 7 , when 10 /AM ACh and 1 mM procaine were simultaneously applied, reductions in the amount of PI-P 2 were markedly inhibited after 10 and 30 seconds (77.2 ±3.4% vs. 92.4 ±2.8% in the presence of 1 mM procaine at 10 seconds and 79.2 ± 2.5% vs. 91.2 ± 4.1% in the presence of 1 mM procaine at 30 seconds, n = 5). When 3 mM procaine was applied together with 10 FXM ACh, the amount of PI-P 2 was reduced after 10 or 30 seconds, but the values were not significantly different from controls. Application of ACh with 10 mM procaine had no effect on the amount of PI-P 2 up to 120 seconds. These results indicate that procaine inhibits the hydrolysis of PI-P 2 induced by ACh.
Effects of InsP 3 on Ca 2+ Store Sites in Dispersed Saponin-Treated Skinned Muscle Cells
When saponin-treated skinned muscle cells were incubated in solution containing 0.27 fiM Ca 2+ (5 mM ATP with 5 mM MgCl 2 ) for 20 minutes, Ca 2+ accumulated at maximum levels in the store sites 45 (0.44 nmol/2 x 10 3 cells, n = 8). With application of 1 or 3 /iM InsP 3 in the presence of 5 mM ATP and 5 mM MgCl 2 , the amount of stored Ca 2+ was reduced dose dependently, as estimated from the Ca 2+ remaining in cells (Figure 8 ). However, mere was a gradual decrease in the amount of Ca 2+ released from the store site, presumably due to reaccumulation of Ca 2+ in the presence of ATP. These results confirmed the observations made by Suematsu et al 5 using the same preparation. On the other hand, as expected from the mechanical response, 10 ^iM ACh had no effect on Ca 2+ release from the store site in skinned muscles. As seen in Figure 8A , A23187 (5 fiM) completely released the ATP-dependently accumulated Ca 2+ from the store site, and the residual amount of Ca 2+ was similar to the Ca 2+ accumulated into the cell ATP independently.
When 10 mM procaine was added together with 3 fiM InsP 3 , the reduction of 45 Ca 2+ in stores was partly inhibited ( Figure 8B ), i.e., when the amount of Ca 2+ , accumulated in cells using the same procedure as described in Figure 8A for 20 minutes, was normalized as 100%, application of 3 fxM InsP 3 reduced the amount of Ca 2+ stored in cells to about 60% of the control within 3 minutes, and there was a gradual reaccumulation of stored Ca 2+ within 10 minutes. With addition of 10 mM procaine to the 3 fiM InsP 3 -containing solution, the release of Ca 2+ was reduced to half that observed in the absence of procaine (about 80% of Ca 2+ in the control was stored). The results on the effects of InsP 3 on releases of Ca 2+ in the presence or absence of procaine using the present methods and dilution methods were in agreement. Therefore, procaine inhibits the release of Ca 2+ from intracellular sites but also inhibits the hydrolysis of PI-P 2 activated by ACh.
Discussion
To measure the mobilization of Ca 2+ porcine coronary artery, dispersed single smooth muscle cells prepared by treatment with collagenase were used. In these cells, the physiological functions required to measure the agonist action, ion flux, and Ca 2+ mobilization in cells were well preserved, and the results obtained agreed well with the extent of Ca 2+ mobilization as estimated from the contraction evoked in intact and skinned muscle tissues. 2 " 4 Procaine inhibited the release of Ca 2+ activated by ACh, but not by A23187, in dispersed cells as estimated from the fluorescence of Ca-quin2. However, the amount of free Ca 2+ released by 10 fiM ACh as estimated from the intensities of the fluorescence of Ca-quin2 binding in the present experiment was too low (<0.2 /u,M Ca 2+ ) in comparison to that estimated from the minimum concentration of Ca 2+ required to generate contraction in skinned muscle tissues (about 0.1 /uM Ca). In this muscle tissue, 10 jiiM ACh produced the maximum contraction of much the same amplitude as that seen with 10 /xM Ca 2+ -induced contraction in skinned muscle tissue. 2 Presumably, buffering actions of quin2 may2+ prevent measurement of the absolute value of free Ca in dispersed cells. However, comparable intensities of fluorescence enabled us to estimate the release of Ca 2+ from cellular storage by ACh in Ca 2+ -free solution and also actions of procaine. 3339 The pharmaco-mechanical coupling process 14 observed in the response of vascular tissue to several agonists appears with no detectable change in the membrane properties. 1214 (1 and 3 fiM) , andA23187 (5 yM) on the Ca 2 * stored in dispersed skinned muscle cells. As an indication of the ATP-independent Ca 2* accumulation, Ca 2 * was accumulated into the cell in the absence of ATP. A23187 completely released the ATP-dependent accumulated Ca*. ACh had no effect on the Ca * release in dispersed skinned muscles. Panel B: Effects of lnsP 3 with and without procaine on the Ca * release from the stored site in dispersed skinned muscles. Experimental procedures were the same as described in A. Concentrations of drugs are indicated in the figure. ceptors may increase the influx of Ca 2+ with no detectable change in the membrane properties. However, in the porcine coronary artery, ACh produced contraction in the absence of extracellular Ca 2+ with little reduction in the amplitude. 2 Therefore, receptor-operated Ca 2+ release may be the main source of Ca 2+ in the production of the ACh-induced contraction rather than receptor-activated Ca 2+ influx.
Reduction in the amount of PI-P 2 activated by ACh accompanied increases in the synthesis of PA in a proportional manner. This means that activity of phosphodiesterase on PI-P 2 is preserved in the present experimental procedures, and InsP 3 would be synthesized by activation of PI-P 2 phosphodiesterase. These observations confirmed our previous observations made on vascular tissues in which the reduction in the amount of PI-P 2 was accompanied by increases in the amount of InsP 3 . 12 Norepinephrine had much the same effect on the amounts of PI-P 2 and InsP 3 observed with the rabbit mesenteric artery. 13 In the present experiments, intact smooth muscle tissue was used to measure the amounts of PI-P 2 and PA following application of ACh. Preliminary results obtained using intact dispersed smooth muscle cells showed much the same results as obtained using intact smooth muscle tissues.
It was apparent in the porcine coronary artery that release of Ca 2+ from the store site by ACh in dispersed intact muscle cells and by InsP 3 in dispersed skinned muscle cells has a causal relation. Suematsu et al 5 reported that the K m value for InsP 3 release of Ca 2+ from the store site is 0.7 [iM measured from dispersed skinned smooth muscle cells in this tissue. The results obtained in Figures 3B and 8B for the InsP 3 -induced Ca 2+ release from the store site as estimated from the amount of 45 Ca 2+ remaining in skinned dispersed muscle cells differed, presumably due to the absence (Figure 3B ) or presence ( Figure 8B ) of ATP in the solution because ATP possessed an ability to accelerate the reuptake of released Ca 2+ into the store site. An InsP 3induced Ca 2+ release in visceral smooth muscle tissues has also been reported by Somlyo et al 43 and Yamamoto and van Breemen. 44 Procaine inhibits the K + -conductance of the membrane, depolarizes the membrane, 1 and inhibits the Ca 2+ -induced Ca + release mechanism in contractile tissues. 215 This agent (above 1 mM) inhibited the contractions evoked by action potentials, electrical depolarization, excess K + , caffeine, and agonists in the presence of Ca 2+ and the contractions evoked by caffeine and agonists in Ca 2+ -free solution. 12 Furthermore, procaine also inhibited the caffeine-and InsP 3induced contractions in skinned muscle tissues of the rabbit mesenteric artery. 13 However, the mechanism underlying the release of Ca 2+ from the store site induced by A23187 may differ from that induced by caffeine or InsP 3 . A23187 increased the influx of Ca 2+ and released Ca 2+ from the store site in the presence of procaine, as estimated from the quin2 fluorescence method (Figure 3 ) and also released more Ca 2+ from store sites than caffeine or InsP 3 (Figure 7 ). Itoh et al 37 reported that lower concentrations of A23187 release Ca 2+ from the storage site only once. Following reapplication of Ca 2+ , additional application of A23187 no longer released Ca 2+ from the store site, presumably because the ability to accumulate Ca 2+ is lost. On the other hand, InsP 3 repeatedly produced contractions following application of Ca 2+ . 13 This means that mechanisms of release of Ca 2+ induced by InsP 3 and A23187 differ, and procaine may act on the InsP 3 -or caffeine-induced Ca 2+ release but not on the A23187induced Ca 2+ release.
Procaine prevented the hydrolysis of PI-P 2 . However, it is not certain whether procaine inhibits phosphodiesterase, the ACh-receptor, or some other unknown process. In concentrations over 1 mM, procaine inhibited the potassium permeability of the membrane, leading to a depolarization. 1 In the porcine coronary artery, synthesis of InsP 3 by phosphodiesterase in the presence of ACh required the presence of guanosine 5'-triphosphate (GTP). 12 If actions of procaine are related to Ca 2+ mobilization in the sarcolemmal membrane, it may be that steps of the ACh-receptor-phosphodiesterase coupling through binding with the GTP-dependent subunit 10 are prevented via inhibition of the membrane fluidity by procaine or unknown mechanisms, thereby reducing the InsP 3 synthesis. Procaine also inhibited the norepinephrine-induced contraction in the rabbit mesenteric artery in Ca 2+ -free solution. 4445 Presumably, the agonist-induced contraction may have a causal relation to production of InsP 3 . Although InsP 3 and caffeine released Ca 2+ from the same store site, 13 the underlying mechanisms for release of Ca 2+ from the store site may be different because caffeine releases more Ca 2+ than InsP 3 , but the concentration of procaine required to inhibit release of Ca 2+ by InsP 3 was higher than by caffeine.
It is proposed that the action of ACh on pharmacomechanical coupling in smooth muscle cells of the porcine coronary artery is as follows: ACh activates PI-P 2 phosphodiesterase after binding with the muscarinic receptor, which produces InsP 3 . This product may play a role as the first step of the pharmacomechanical coupling process since it releases Ca 2+ from the store site. Procaine possesses multiple actions on vascular smooth muscle tissues, and the inhibitory action of procaine on the ACh-induced contraction in the presence or absence of Ca 2+ may be due to inhibition of the hydrolysis of PI-P 2 and in part to inhibition of the InsP 3 -induced Ca 2+ release from the store site.
